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ABSTRACT
We address the basic issue of the observation condition in a synthetic coherence function applied to optical tomography
and profilometry, which has not been made clear in previous papers. We present a more general theory for interference
fringe formation for spatial coherence control with a synthetic source. The generalized theory predicts the existence of
the observation condition that can make the measurement insensitive to the tilt of the object, which will open the new
possibility of measuring objects with rough surfaces. We present experimenta results that quantitatively verify the
validity of the principle and the prediction.
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1. INTRODUCTION
The existing techniques of OCT and low coherence interferometry are all based on the temporal coherence characteristic
of broadband source'?. Therefore, they suffer from a dispersion problem in many practical applications such as
biological applications, where dispersion of the object and/or the light propagation medium is unavoidable. Rosen and
Takeda® have proposed an aternative principle of optical tomography and profilometry based on spatid, rather than
temporal, coherence. Ingead of a point source with a broad spectrum, an extended source with a narrow spectrum was
used in this technique. A desired longitudinal coherence function was synthesized by controlling the spatial structure of
an extended quasi-monochromatic
spatially incoherent light source. Besides Effective Reference Mirror ;.
solving the dispersion problem, the eozz=d=x T
proposed technique enabled longitudinal L Mo ™.,
coherence scan and phase shift without ~ Object Mirror I Localized Fringes
mechanical movement of a mirror for Extended Spatially AX, V) ;
changing the optical path difference. Incoherent Source BS | '
Several papers have been published on I }
spatial coherence control*, but in most y
of the papers®’ the discussions were S(xs: ¥s) == e | — — — . —.
centered on how the coherence function is I Mg
related to the distance and the tilt between f
the object and the reference mirror. From .
the theory of fringe localization, one can
expect that even for an identical optical
system with the same digance and tilt
between the object and the reference
mirror, the observed fringe contrast will - !
be significantly different depending on the Fig.1. Interferometric system for controlling and measuring
location where the observation lens is spatial coherence function.
focused.

Reference
Mirror

The purpose of this paper is to address this basic issue of focusing condition, and to present a generalized theory for
interference fringe formation with a synthetic source for spatial coherence control. A new formula obtained from the
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generalized theory predicts the possibility of measuring an object with rough surfaces, which are demonstrated by
experiment.

2. PRINCIPLE
Although the models in the previous papers®® were able to explain the basic principle of spatial coherence control, they
did not give a clear account of therole played by
the imaging lens that actually determines the - o Image Sensor
condition of observation. Here we introduce Extended Source D (X, ) '
yet another model of fringe formation to clarify S (Xs Ys)
therole of theimaging lens. As shown in Fig. 1,
a Michelson interferometer is illuminated by an
extended quasi-monochromatic spatially
incoherent light source S, which islocated in the
front focal plane of lens L. Light emitted from a
point source on S is collimated by lens L; and
split into two beams by prism beam splitter BS.
The two beams are recombined by the beam
splitter after being reflected by object mirror Mo
and reference mirror Mg. The interference
fringes generated on the CCD image sensor are
the result of combination of images of the two
optical fied distributions, i.e., the optical field
digributions from object mirror Mo and
reference mirror Mg. Lens L, is focused on an -
arbitrary observation point A near or on the Efyecﬁve Reference Mirror
surface of object mirror Mg and forms its image
onto the CCD image sensor. Seen from the side
of CCD image sensor through the beam splitter A’
BS, the virtual image of reference mirror Mg
serves as an effective reference mirror M’
|ocated immediately behind the object mirror.

Object Mirror

Fig.2. Formation of fringes at an arbitrary observation point.

Now let us generalize our theory allowing the observation point A to be located at an arbitrary point in the interferometer.
Fig.2 shows how the fringes are formed on the CCD image sensor by the interferometer shown in Fig.1. For the
convenience of visualization of ray paths, the optical axes of lens L1 and L2 are trandated. Light emitted from a point
source at (Xs, Ys) on the extended source S (placed in the front focal plane of lens L) is collimated by lens L; whose
optical axisisin the direction of unit vector ng= (0, 0, 1). Suppose that theimaging lens L, (which is focused on a point
A at lateral position (x, y) and at distances d and d' from object mirror Mg and effective reference mirror Mg,
respectively) forms the image of the point A onto the CCD image sensor at point A*. Let the mirror images of point A
with reference to object mirror Mo and effective reference mirror M’z be A" and A", respectively. One of theraysin the
collimated beam, directed to point A’ and denoted by Rayl, is reflected by object mirror Mg at point B and reaches the
observation point A. We also note another collimated ray, Ray2, from the same point source, which is directed to point
A”. Thisray is reflected at point C by the effective (virtual) reference mirror M'g, and then meets Rayl at point A to
generate interference fringes. Because lens L2 images point A onto the image sensor, the intensity recorded by the image
sensor a point A* is the result of the interference between Rayl and Ray2 at the observation point A. The phase
difference between these two raysis given by

S(Xg. Ygi % ¥) = k(HCA ~1BA) =k(HCA" ~IBA)

S @
=k+(AA"-AA) =k+(-2d'n"+2dn),

where | and H are the points a which the normal line from point A crosses with Rayl and Ray2,
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2| *g Yg x§+y§ . N [ 2 2. .
k:7 —T,—T,—(l— . ) | under paraxial approximation, and n—(ax,aY, 1—ax —aY) with ax and

oy being, respectively, the X and Y components of the direction cosines of the unit vector normal to object mirror Mo,

Similarly, n':(a'x ,a'YM/l—a g( -a '\2() is the unit vector normal to effective reference mirror M’g. Under the
paraxia approximation and the assumption of small tiltsthat n= (ax, ay, 1) and n’ = (ax, ay, 1), we have from Eq. (1)

4rm(d'-d) 2md'-d) o o 4m
O(Xg, Ygi X%, Y) = (A )— ”E”Z )(xs+ys)+/”[(d'ax'—dax)xs+(d'aY'—daY)yS], 2
Eq. (2) can berewritten as
4m(xv y) ZIA(X, y) = 2 — 2 -
oig ygix ) == =0 (xs-%)" +(vs -9)" | +2 3
where
_ f(a'y d'-ayd) _ f@'yd'-ayd)
Axy)=d(xy)-d(xy), x=— X X2 g=_TY Aoy
d'-d d'-d @
- 2N (_2 2
o= 5 (25
Apart from a constant factor, the intensity as the result of interference between these two rays at point A isgiven by
5 4T0(x,y) 270(x,Y) J\2 BN
I(x,y;xs,ys)=I5(x5,y5){1+003{ A g2 (XS—X) +(y5—y) uad ®)

where ls(Xs, Ys) is the intensity of the spatialy incoherent light source S at paint (xs, Ys). Because each point source is
completely incoherent to any other points on the source, the overall intensity on the image sensor is given by:

An(x,y) 27B(X,Y) )2 A2 -
(X y) = JJIS(XS,yS){HCOS{ A 2 (XS —X) +(y5 —y) +o |dXgdyg, (6)
where integration is to be performed over the area of the extended source. After some straightforward algebra, the
intensity distribution given by Eqg. (6) becomes

1(x,y) = B{1+‘,u|:d(x, V. Yy ayiayay | COSI:W +¢}}, @

whereB = [[ | S(xs, yS)dedyS, and @ istheinitia phase of the fringe pattern given below. The function «(d(x, ),
d (x, ¥); ax ay o' x, a'y) isthe longitudinal complex degree of coherence given by
HA(x,y),d' (% y)ay.ay:a'x.a ] =lu |exp(ip)

270\ (X, _ _
lg(xg, ¥) exp{—j Aixzy)[(xs %)% +(yg —y)z}}dxsdys ®)

’

M s(Xg: Yg)dXgdyg

and@= Zo+ @. The cosine function in Eq. (7) gives the intensity distribution of the fringe pattern at the observation

point A. Eq. (8) looks similar in formsto the corresponding equations in previous papers®®”, but Eq. (8) is more generd
as it alow the observation point A to be chosen at an arbitrary position in the interferometer. This generalization can
reveal the importance of the role played by the observation lens L2, which has not been made clear in any of the
previous papers® .

Now the problem is to find a real and nonnegative light source distribution I5(xs, Ys) that maximizes modulus of the
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complex degree of coherence at a given observation point A for the specified distances d and d', tilts (ax, ay) and (o' x,
a'y). We choose the intensity distribution of alight source of the form

1
I5(xs ¥g) = [ L+ eosl-2miCig = )7 +vs 4§71 +4 |, ©

where the coefficient of 1/2 is normalization factor, £ is the initial phase of FZP, y is the scaling parameter that
determines the focal length of FZP, and &k and & are the coordinates of the center of FZP. Comparing FZP source
distribution with the corresponding part of complex exponential fringe term in Eq. (8), we find that the modulus of the
complex degree of coherence is maximized when we chose the scaling parameter of zone plate source as y=+4/Af* and

the center of FZP as {X =X = f(a"x d '—axd)/(d'—d), ‘tY =y="f(a Y d '—aYd)/(d'—d). From the analysis
above, we can draw our conclusion that, to produce the coherence function wu(d(X, y), d' (X, Y); ox oy o'x &' y) with ahigh

coherence pesk, the scading parameter y and shifting parameters ¢ and & of FZP source should satisfy the following
matching conditions simultaneously:

d'-d
Scaling parameter: y =+ 5 =% AZ; (10)
Af Af
a'y d'-ayd a'yd'-ayd
Shifting parameters: &y, :X:f#,f\( =y :f%. (11)

Based on the general formula that alows the arbitrary choice of the observation point, let us now clarify the role played
by theimaging lens L. It is of interest to note a special case. If we focus the imaging lens L, on the object mirror, such
that the observation point A is placed on the object mirror with d = 0, then we find from Eq. (4) and Eq. (8) that

X = fa'x and;/ = fa'Y , S0 that the coherence function becomes insensitive to the local tilts (ax, ay) (or surface

inclinations) introduced around the observation point A on the object mirror. Since arough surface can be interpreted as
composition of many microscopic facets with various surface inclinations, this suggests the possibility of a new mode of
operation, in which an object with rough (rather than a mirror) surfaces is detected by focusing the imaging lens L,
exactly at a probing point on the object surface.

Now let us discuss therole of the initial phase g in Eq. (9). If one compares the form of the light source distribution I5(xs,
ys) with that of the fringe term in Eqg. (5), one can find the perfect similarity between their function forms. This means
that these two functions I s(Xs, Ys) and the fringe term play the exchangeable role in the evaluation of Eq. (5). Therefore,
we can rewrite thelongitudina coherence function to an equivalent form:

L(X yiay ayia'y a'y) = B'{1+}u '[d(x, V. AV x Ay 'y a 'Y]‘COSE? 9 (X y)]}, (12)

Ar\(x,y) 27(x,y) A2 27 .= .
- [ (x5 %2 +(y -9) }dedeys is

the integration of the virtua light source generated from the fringe term in Eq.(5), and
ﬂ'[d(x, VA y)say.ayia'y.a 'Y]

) g (xg: Y5 %, Y) exp{—jZny[(xS - &)2 +(yg - fy)z} dxgdyg (13)

I E (X, Yg, X, Y)dxgdyg
is an dternative expression for the complex degree of coherence based on this virtual light source Ie(Xs, Ys; X, ¥). In Eq.
(12), @'(x,y)is the initial phase of this new complex coherence function. It should be noted that « = ' for the
measurement that satisfies the zone-plate matching conditions. Because the cosine function of the interference fringe
pattern in Eq. (12) includes theinitial phase of 8, one can perform the phase shift simply by changing theinitia phase of
this light source zone plate. This can be done with a spatia light modulator (SLM), and no mechanical movement of
optical dementsisinvolved for the phase shift.

where B'=[[I £ (X5, Ygi X, V)dxgdyg = I} {1+cos{
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2. EXPERIMENTS
The schematic illustration of experimental set-up is shown in Fig. 3. Linearly polarized light from a 10mW He-Ne laser
was expanded by expander C and collimated by the collimating lens L to illuminate a liquid-crystal-based SLM, which
modulates light intensity transmitted by polarizer P1 and analyzer P2 placed immediately in front of and behind the
SLM. A computer-generated Fresnel zone plate pattern was displayed on the SLM, and was imaged onto a rotating
ground glass GG hy a combination of lenses L'p and Lp through pinhole PH, which serves as a spatial filter to smooth

out the discrete pixe structure of SLM. The image ' Mg
of the Fresnel zone plate on the rotating ground GG L s :

. .. 1 !
glass serves as a quasi-monochromatic incoherent Laser C Lc . M
light source. The ground glass GG islocated on the :ugo uuu _______ o _____ 0 _%.__O
front focal plane of lens L1 with focal length of ]
150mm. The light from the zone plate source was  3/2WP  p1|p2 L'p PH L, PS
collimated by L1 and was introduced into a !
Michelson interferometer made of prism beam S L2
splitter BS, reference mirror Mg and object mirror CCD
Mo. A point A near or on the object mirror is @ =)
imaged by lens L2 onto the sensor plane of CCD
camera. The half wave plate WP immediately g
behind the laser was used to obtain the appropriate Fig.3. Schematic illustration of experimental setup.

illuminating intensity.

1. 1 Observation condition and degree of coherence
We initialized the distance of two mirrors, Mg and Mg, to be 3mm and set the observation point on the surface of one of
the mirrors, say Mo. Then we produced a zone plate source with the scaling parameter y=A/Af*for A=3mm, 4=633nm

and f=150mm to satisfy the coherence matching

condition by adjusting the zone plate to the o
Zé)ne plate

i

N

N

\

proper size, and shifted the center of zone plate
to the proper transverse position. To synthesize
the coherence degree in a simple way, a small
amount of tilt was introduced to Mq. As 05
predicted from Eq. (8), the fringe pattern with
high contrast was observed. In the next step, we
reset the observation point off the surface of
Mo to a certain distance, and then moved this
observation point close to the surface of Mg by
adjusting the focus of imaging lens L2. It was
observed that the visihility of fringes varied
with the location of observation point. When
the observation point was moved back to the 01
surface of Mg, the fringe contrast became
highest. As the observation point was further o) —L ] L 2 v
moved across the location of Mo, the visibility The distance of the observation point from the surface of oﬁbj ect
degraded from the peak value to a low leve mirror (0: surface of Mg; 3: surface of Mg; unit: mm)

again and did not arise any longer even though
the observation point reached the surface of  Fig. 4. Dependence of coherence degree on the observation condition.

reference mirror Mg, Because the estimated (The image of only an area of 200x100 pixelsis used for demonstration.)

depth of field of our imaging lens L2 is about 1mm, each point on the surface of M can be assumed to be well focused
simultaneously and the coherence distribution along the traverse plane of Mg is so flat that it can be represented by a
single average vaue. The average fringe contrast was obtained by the Fourier transform method. The variation of the
average fringe contrast with the observation point is shown in Fig. 4. The abscissa axis indicates the distance of the
observation point from the surface of object mirror Mo with its origin on the surface of Mg and the abscissa value
3.0mm corresponding to the surface of reference mirror Mg. The asymmetry of coherence function can be attributed to
the imperfect zone plate matching at initialization, and the aberration of the optical system. The reason why the peak of
coherence is beyond the theoretical value 0.5 can be explained by the finite size of zone plate used for the illumination.

06 -

04r

03

Coherence degree

0z
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Following the same zone plate initialization process where the focus of the imaging lens L2 was located on the surface
of the object mirror Mo, it was observed that the fringes were of high contrast. When we increased the tilt of Mo, the
degradation of fringe visibility was not obviously observed, even if the fringe pattern in the view became so dense as to
be indiscernible. On the other hand, if we adjusted the focus of lens L2 off the surface of mirror Mo, and increased the
tilt of Mo as it had been done above, it was observed that wherever the focus point of lens L2 was located (above or
under the surface of Mo), the fringe visibility went down rapidly. The dependence of coherence degree on the tilt is
shown in Fig. 5 for different observation points. Thus al the characteristics of the coherence function predicted by our
new model have been verified through the experiments. This newly found fact the coherence function is insensitive to
the tilt of the focused object opens up a new possibility of profilometry of an object with rough surface. This will be
demonstrated through the experimentsin the next section.

07

=2 Chzervation point: =3mm
=B~ CObservation point: Omm
(Object mirrar surface)
=&~ Observation paint: Jmm
06 - (Reference mirror surface)
-3- Cbservation point: Smm

041

03+

Fig.5 (b) Degradation of fringe visibility with the
increment of tilt. On the left-top of theimage isthe

Coherence degree

02 -

o,

fringe number in the view. Image sequences in the
top row and the bottom row were obtained with
the observation point on the object surface, and on

the reference surface, respectively. (Only a partia
area of 50x50 pixelsis used for illustration.)

-Enzf:::::;03§:::::;u
The angle of tilt
Fig.5 (8) Dependence of coherence degree on thetilt.
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1. 2 Profilometry of an object with a rough surface

Before showing the result of profilometry of an object with a rough surface, we briefly explain how to determine the
position of the maximum coherence peak. As described in the previous sections, the phase of the fringe pattern can be
shifted by scanning the phase of the FZP £ (i=1, ..., M) with SLM (See Eq. (12)). This alows one to determine the
fringe contrast at the observation point by the M-step phase-shift technique. It should be noted, however, that the degree
of coherence obtained by this FZP-based phase shift technique gives true values only at the coherence maximum where
y of FZP matches the real object height 4; fortunately this coherence maximum is the location of our interest. If one
scans the longitudinal coherence function by changing the FZP parameter y (i=1, ..., N) by N steps, the total scanning
process requires as many as MxN sets of FZPs, which slows the speed of measurement. If we know the FZP phase value
f1 that gives the maximum fringe intensity at the observation point, the FZP phase value f, that gives the intensity
minimum the same observation point can be obtained simply by f,=4tn, and vice verse. In this case, the fringe
contrast can be obtained from just two FZPs ingead of M. Thisisin fact possible. If we set a certain value of y; (i=1, ...,
N) for longitudinal coherence scan, then the corresponding height 4; (i=1, ..., N) can be determined from the matching
condition of Eg. (10). From these values, £y for the maximum value of li(x, y) can be easily found out by the
straightforward calculations. Then, based on the series of By (i=1, ..., N) generated from y; (i=1, ..., N) series, a y-f;
|ook-up table can be created for the FZP series that give the maximum intensity at the observation point. Then, we can
obtain f, that gives the intensity minimum, smply by adding += to the phase value ;. The number of FZPs for
scanning decreases to 2N. An example of the y-f; look-up tableis shown in Table. 1.

Table. 1 Demonstration of y-f; look-up table

Vfgfsesrﬁrr:]r;] ...... Imm/ i | 1.0Imm/ i | .. amm A2 |
pr ] e 2.7489 54978 | .. 47124 | ..
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In the experiment of profilometry, an Aluminum Chinese coin of 2 FEN was used as the sample, and was focused by the
imaging lens L2. First we generated FZPS series with the increasing scaling parameter yo<1~4mm (interval:
oyie<10um) of the specific initid phase p based on the y-4; look-up table. Then, for each value of y; used for the
longitudina coherence scan, we calculated the intendty difference using two FZPs with phase £, and f,=4,+r. With the
scanning time interval of 120ms (depending on the response speed of SLM), it took 2x400%0.12s=96s to compl ete the
whole scanning process of the longitudinal coherence. Figure 6 (a) shows the change of FZP source shape during the
scanning process, and Fig.6 (b) show the variation of the intensity difference as the longitudina coherence is scanned.
The location of the maximum intensity difference indicates the position of the surface to be sensed. Figure 7 (a) shows a
coin used as a sample object, whose height distribution obtained by measurement with ~0.5x magnification is shown in
Fig. 7(b).

02 ' w g ' ' !
w__Coherence degree
015 - (Intensity  difference
ul maximum)
y ﬁ 005

:
71 Bu N V2 JiiP) 2 E
update FZP updateFzP... o ’
n phase n phase Pz 2 om
shift S it z
Y1 Ba B g of

-5 |
02 i 1.0‘0 750 B 70 a0
Scanning sequence number

Fig. 6 (b) Intensity difference fluctuation to indicate the local
Fig. 6 (8) Demonstration of zone plate scanning sequence. height of an arbitrary observation point on the sample surface.

Ml %Hﬂ HHF‘HJ\J‘;\[\N\

¥20mm 0 2 4 6 8 I«

===

W= T

Fig. 7 (a) The 2-Fen Chinese coin used as a sample for the profilometry. Fig. 7 (b) The synthesized surface height of the coin.

3. CONCLUSION
We have presented a generalized theory for interference fringe formation with a synthetic source for spatia coherence
control. The relation between the observation point and the coherence function has been clarified in theory and verified
by experiments. The potential applications in the profilometry and tomography have been explored through the
measurements of an object with rough surfaces. As a means to obtain the coherence peak position quickly, the use of a
|ook-up table for FZP phase parameter has been proposed and applied to profilometry.
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